North Carolina's pig farming industry, with nearly 10 million pigs, is second only to Iowa in annual pig sales, comprising 14.5% of the US market [1] . As pigs may be infected with numerous strains of influenza viruses and large production farms are often home to multiple influenza virus strains, modern swine production facilities may serve as generators of novel swine-like influenza viruses [2] [3] [4] [5] [6] [7] [8] [9] . Additionally, modern swine production practices may inadvertently disseminate these viruses to numerous other farms as pigs and equipment are moved about production networks [10, 11] . In the United States, several subtypes of influenza A virus (H1N1, H1N2, and H3N2), have classically circulated in pigs [3, 8, [12] [13] [14] . The introduction and broad dissemination of human pandemic 2009 H1N1 has increased the variety of influenza A virus strains circulating in pigs, resulting in further novel virus production and human infections with novel swine-like "variant" strains [7, 8, [15] [16] [17] [18] [19] . Consequently, pigs serve as a potential source for influenza A virus to infect livestock workers and, given their transmissibility, the families and communities with whom the workers live [19] . Assuming that some human and swine influenza viruses may move freely between species, and that modern pig farms may serve as an amplifying influenza virus reservoir, we hypothesized that there exist spatiotemporal associations of seasonal human influenza infections in North Carolina. In this report, we document our spatiotemporal analysis of influenza-like illnesses (ILIs) using geographic information system (GIS) software.
METHODS
This study was approved by the Duke University Institutional Review Board and received ethical clearance from the North Carolina Disease Event Tracking and Epidemiologic Collection Tool (NC DETECT) surveillance program.
Data Sources
The NC DETECT program collects weekly ILI case counts from emergency departments throughout North Carolina. We obtained these data, tabulated by county, of patient residence for the calendar years 2008-2012. These cases were defined by the NC DETECT case definition (Supplementary Data 1) [6] . We obtained a table of licensed swine feeding operations from the North Carolina Division of Water Resources, with 2328 permits active as of 5 January 2015 [15] . This table contained latitude and longitude coordinates for each permit, allowing it to be displayed as a point layer in GIS (Figure 1 ). The table also contained estimated head counts of swine at each permitted site. A spatial joining operation was performed to count the number of individual operations within each North Carolina county as well as the total number of swine. The number of swine per permitted site ranged from 12 to 63 450 (median, 3200 [interquartile range, 1975-5200]). The number of permitted sites and number of swine per county were closely correlated. Because head counts of live animals are much more likely to vary over time, we chose to use swine permits per county in our statistical models.
Data Preparation
We prepared a weekly count of ILI cases for each county from July 2008 to June 2012. The datasets were organized in yearly increments beginning with surveillance week 27 and ending with week 26 of the following calendar year. Week 27 corresponded roughly to early July. This was done to ensure that the peak activity of a single influenza season was not divided by the end of a calendar year. We analyzed each of the 4 July-June influenza years independently.
Data Analysis
All analyses were performed using the 100 counties of North Carolina as our unit of spatial analysis. We used ArcGIS 10.3.1 (ESRI, Redlands, California) for GIS processes, including preparation of map figures, and we used SAS 9.4 (SAS, Cary, North Carolina) and R 3.2.3 (www.r-project.org) for statistical analyses.
ILI cases occurred throughout the year due to nonspecificity of the case definition. There was a notable spike in cases, however, during the annual influenza epidemics. We examined 2 parameters to characterize the timing of the annual influenza epidemics during the 4 study years: the week in which ILI cases peaked for each county, and the week in which cases rose above their baseline. The onset week was estimated by fitting a negative binomial regression model using log-link and containing population offset, intercept, and a triangular function parameterized by onset week, peak location, and fade-out week, as well as the amplitude of the peak. This is a parametric model that detects an initial monotonic increase in events over a constant baseline.
We next statistically examined each of the 4 influenza seasons to determine whether there were spatiotemporal associations between ILI week of onset or peak and swine operations. This analysis was performed using multivariable robust regression models [20, 21] . The number of swine operations per county was highly skewed; many counties had no permitted facilities, but 2 counties had >450. As a consequence, to address potential nonlinearity of the covariate, a categorical variable was created for the number of operations: none (n = 38), 1-9 (n = 33), 10-24 (n = 12), 24-75 (n = 11), and >75 (n = 6). Although onset and peak week were approximately normally distributed, there was a small number of low-population counties in which ILIs peaked in an unlikely week for a particular influenza season (eg, peaking in July). Analyses were restricted to counties in which the ILI onset or peak was within 3 standard deviations of the mean week across North Carolina in that year (maximum of 4 counties excluded in any analysis). We anticipated that associations between swine operations and flu onset could be confounded by population density or age of the population in each county and adjusted analyses for these factors. We performed additional analyses to identify relationships between ILI timing and other agriculture-associated variables, including crop acreage, hay acreage, and number of farms. We hypothesize that this finding was not related to swine per se, but rather that other phenomena (such as high population density in nonagricultural counties) may have been a more important driver of the disease dynamic.
Consistent with our previously reported modeling data and observational data in Canada, our findings support the hypothesis that pigs may serve as an amplifying reservoir for influenza viruses that freely move across species [4, 19] . Abundant data now show that exposure to live pigs, either occupationally or at agricultural fairs, is a risk factor for human infection with swine influenza viruses. A heightened risk of zoonotic influenza among swine-exposed workers has now been demonstrated in Romania, the United States, and China [17, 22, 23] . Pandemic H1N1 virus infection was more common among swine industry workers in the United Kingdom than in the general population [16] . Spouses of swine industry workers, even with no animal exposure themselves, have had significantly increased seroreactivity to swine influenza viruses [5] . Communities with a large proportion of swine industry workers may experience a higher Figure 2 . Statewide influenza-like illness (ILI) cases by week for North Carolina over 4 influenza seasons. The state surveillance system divides its year into 53 surveillance weeks. The leftmost point of each graph represents week 27 and the rightmost point is week 26 of the following year. Week 27 falls in early July. The week of peak ILI cases for the state is annotated with the final date of that surveillance week. The trendline and 95% confidence intervals were produced by local regression.
volume of influenza cases, and in themselves constitute a site of epidemic amplification [19] .
Our study has several limitations. First, whereas during epidemics a high proportion of ILI cases is likely due to influenza A virus infection, ILI may also be caused by infection with numerous other respiratory viruses. This produces a substantial background noise that is quantitatively most important in counties with lower human populations (which had lower peak case counts). This clearly affected our onset analysis, in which the range of onset weeks exceeded the plausible influenza transmission season. Second, our spatial analysis was limited by the county-level resolution of the case data. Neither the human populations nor their ILI events were evenly distributed within a given county, nor was their geographic proximity to swine operations. Moreover, swine industry farms were also not evenly distributed within counties; persons may have exposure to swine operations in a neighboring county, for instance. Farm size, by contrast, is unlikely to explain spatial or temporal variation in ILI cases. The average permitted farm had thousands of pigs, and the vast majority of permitted sites, regardless of size, were located in the same counties. We did not, at any rate, have access to case data at a fine enough spatial resolution (such as individual case data or zip codes) to test associations with sub-county level variability in farm size. Finally, we did not have a synonymous data source showing whether the distribution of swine permits changed during the study years. This is unlikely to have influenced the outcome of our study, as the counties where the swine industry is concentrated have not changed over time.
It is worth considering that the swine sites were merely markers of unmeasured factors that more directly influenced the timing of ILI peaking in those counties. It is unlikely, however, that these were mere markers of rural or agricultural counties. Many of the 100 counties in North Carolina are rural, and we did not find significant association with low population density, crop acreage, or number of farms. Thus, we believe that, among the variables we had available, swine were a more plausible explanation for the ILI timing.
Our study adds to a growing body of evidence that live swine may be a crucible for human influenza epidemics. This highlights the importance of enhanced biosurveillance among livestock and livestock workers, both to identify putative epidemic virus strains and to infer when nearby human communities may be at increased risk. Moreover, this justifies increased efforts to achieve universal influenza vaccination among swine workers and others within their communities.
Supplementary Data
Supplementary materials are available at http://cid.oxfordjournals.org. Consisting of data provided by the author to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the author, so questions or comments should be addressed to the author. Figure 4 . Regression analysis comparing onset and peak weeks of influenza-like illness (ILI) with number of permitted swine sites for 100 North Carolina counties (adjusted for population density and age). We separately analyzed 4 year-long time periods in which weekly ILI counts were tabulated from July through the following June. Onset week was estimated by statistically identifying an increase in ILI over baseline. Peak week was determined by identifying the week for each county in which the greatest number of cases was recorded. Counties were classified into 5 categories based on the number of permitted swine operations, with counties with zero permits serving as a reference category. In 2009-2010 and 2010-2011, years in which pandemic H1N1 influenza A virus predominated, ILI peaked significantly earlier in counties with greater numbers of swine permits.
